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Abstract
We derive modifications introduced by extra-spatial dimensions on macroscopic properties of neu-
tron stars, which in turn affect the gravitational wave spectrum of their binaries. It turns out that
the mass-radius relation of neutron stars, and their tidal deformability, are affected non-trivially by
the presence of extra dimensions, and can be used to constrain parameters associated with those di-
mensions. Implications for I-Love-Q universality relations are also discussed and utilized to obtain a
constraint on one such parameter. Importantly, we show that measurements of the component masses
and tidal deformabilities of the binary neutron star system GW170817 constrain the brane tension in
Brane-world models to be greater than 1036.5 erg cm−3.
1 Introduction
The recent success of Gravitational Wave (GW) detectors in observing mergers of binary Black Holes (BHs)
and binary neutron stars (NSs) has opened up a plethora of possibilities for testing and understanding
fundamental physics [1–4]. With GW astronomy getting established on a firm observational footing, it
is now possible to comprehend and, better still, probe fundamental questions of nature. In this paper
we explore one such question, namely, whether there exist extra spatial dimensions beyond the four-
dimensional spacetime that we most readily access. We do so by capitalizing on the recent GW observation
of the binary NS merger GW170817 [4]. One limitation of our study is that we restrict ourselves to
non-spinning stars. This may not be a bad approximation since Galactic double NS systems suggest a
dimensionless spin parameter of less than 0.05 for binary NSs in the LIGO-Virgo band [5]. Nonetheless
we aim to revisit this analysis for spinning stars in the future.
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Gravitational-wave data, including that of GW170817, are typically analyzed from the perspective of a
four-dimensional observer in General Relativity (GR). However, deviations from GR have been constrained,
e.g., in Ref. [6,7]. Here we inquire whether observations of GW170817 allow any room for such deviations,
specifically, in the realm of an effective four-dimensional theory that originates from a higher dimensional
theory of gravity [8–11]. Originally, extra dimensions were introduced in attempts at unifying gravity
and electrodynamics by Kaluza and Klein, but later appeared quite naturally in string theory, which
requires ten or more dimensions [12]. More recently, extra dimensions have resurfaced with the potential
to solve the gauge hierarchy problem [13–19]. The latter addresses the fact that fundamental energy scales
in physics appear uncorrelated and hierarchical in nature: The energy scale of electro-weak symmetry
breaking (∼ 103 GeV) is apparently completely disconnected from the Planck scale (∼ 1018 GeV). This
in turn requires an unnecessarily large fine tuning in order to get the observed mass of the Higgs Boson
at the Large Hadron Collider (LHC) [19].
We model the extra-spatial dimension as one additional spacelike dimension; the effective gravitational
field equations are derived by imposing orbifold symmetry on that dimension. As expected, these equations
inherit additional corrections from the bulk geometry [11, 20, 21]. We use the properties of GW170817 to
subject those corrections to strong-field tests of gravity. The presence of extra dimension(s) would leave
very specific signatures on the GWs emitted by merging BHs or NSs and will affect all three phases of
the signal, namely the inspiral, the merger and the ringdown. The ringdown phase is interesting as well
as important in its own right, since not only it can be understood analytically, but also it provides the
fundamental modes of black holes, known as the Quasi Normal Modes (QNMs) [22–26]. For black holes
in the effective four-dimensional gravitational theory as well, the QNMs carry distinct signatures of the
presence of extra dimensions [27,28]. Even though it is possible to write down such an effective description
for theories beyond general relativity as well (see e.g., [29–31]), here we will content ourselves with the
general relativistic situation alone and using the binary neutron star merger event, would like to put the
theory to the strong field test of gravitational interaction.
We utilize the GW170817 bounds on the quadrupolar deformation of a NS in its binary companion’s
tidal field [32–36] to constrain an important parameter of Brane-world models, namely, the brane tension
λb, which counters the influence of the negative cosmological constant of the (anti-de Sitter) bulk on the
brane [20, 21]. One can indeed analyze the modifications due to the presence of higher dimensions to NS
tidal deformations [37] caused by a companion in a binary; for some recent works regarding modifications of
tidal deformability parameter in other theories beyond general relativity, see Refs. [38,39]). In particular,
it was demonstrated in [37] that the tidal deformability parameter for black holes in the presence of extra
dimension is non-zero and, in fact, negative, while for NSs with the same central density it is smaller
than the corresponding value in general relativity. Following this result we would like to understand
the modifications arising in the tidal deformation of NSs due to the presence of extra dimensions. Any
possible change can be used to test the universality of the I-Love-Q relation [40] as well as the mass-radius
relation of NSs in the presence of extra dimensions. We will show here that both these relations, and
the electromagnetic observation of GW170817, will constrain the parameter λb in a novel way that is
consistent with sub-millimeter tests of gravity [41], but is likely affected by different systematics.
Notation and convention: We set ~ = 1 = c in mathematical expressions. Greek indices are used to
denote four-dimensional quantities and the mostly positive signature convention is followed.
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2 Spacetime with extra dimension
We work with an effective gravitational theory in four-dimensional spacetime, known as the brane, that
has been inherited from a five-dimensional spacetime – the bulk. Projecting Einstein’s equations from the
bulk onto the brane yields the following equations that govern the dynamics of gravity on the brane [37]:
(4)Gµν + Eµν = 8piG
{
Tµν +
6
λb
Πµν
}
, (1)
where G is Newton’s gravitational constant, Eµν is the projected bulk Weyl tensor on the brane, Tµν
is the brane energy-momentum tensor, Πµν is a second-rank tensor constructed from various quadratic
combinations of Tµν , and λb is the brane tension [11,21]. The general relativity limit is achieved by taking
λb →∞, where Eµν → 0 [21].
Since the equilibrium structure of any compact object on the brane is governed by the above equation,
the interior of any NS will also follow the same. Thus, it will inherit two additional contributions, over and
above general relativity, namely non-local corrections from the bulk through Eµν and quadratic corrections
to the matter energy momentum tensor through Πµν . These contributions must be matched at the surface
of the NS with its exterior, where Πµν , along with Tµν , identically vanishes. In the context of a spherically
symmetric NS in static equilibrium, we will assume that Eµν in the interior of the NS identically vanishes,
such that Πµν at the surface of the NS is balanced by a non-zero Eµν in the exterior of the star (see, e.g.,
Refs. [37, 42]).
With this setup it is straightforward to determine the master equation governing the even-parity grav-
itational perturbations [37]. The main departure of the perturbation equation from general relativity is
through the presence of effective energy density ρeff and isotropic pressure peff , which are related to the
energy density ρ and pressure p of the brane matter as
ρeff = ρ
(
1 +
ρ
2λb
)
; peff = p+
ρ
2λb
(ρ+ 2p) . (2)
The ensuing modification in the EoS parameter [37] of the NS owing to the presence of the extra dimension
can reveal itself in various ways. First, the tidal Love number will be modified, which will change the
stiffness of the star [37]. Second, the mass-radius relation for NSs will pick up corrections for finite λb.
Lastly, the universality relation between moment of inertia, tidal Love number and quadrupole moment of
NSs may be affected. We explore these possibilities in the light of GW170817.
3 Mass-radius relation on the brane
We constructed the mass (M) - radius (R) curves for NSs for several different EoSs, both in the absence
and presence of the extra dimension, and presented them in Fig. 1. Particularly, note that for a given
radius, the mass of a NS increases with decreasing brane tension, which follows from Eq. (2). This suggests
that introduction of extra dimensions makes the star more compact for the same central density. Further,
Fig. 1 indicates a possible way to constrain the brane tension, namely, by utilizing observed upper bounds
on the mass and radius of NSs. The lower bound on the maximum mass of a stable NS that any EoS must
produce is ∼ 2M [43, 44]1 (the green horizontal strip) and the radius of NS with mass between 1 and
1Even though the analysis of [43,44] assumes general relativity, the change due to a non-zero λb on the mass measurement
has negligible effect on our results.
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Figure 1: Mass-radius curves for a handful of EoSs in general relativity (solid) and Brane-world model
with λb = 10
36.5erg/cm3 (dotted) are presented. Also shown are the Λ = 70 and Λ = 720 lines for both.
The ∼ 2M lower bound on the maximum mass of a NS is shown in green and the GW170817 bounds
on radius as a vertical pink strip. As evident, all λb ≤ 1036.5 erg/cm3 values are ruled out since the
corresponding M −R curves do not lie in the vertical strip with 1M .M . 2M, which is the range of
masses that galactic double NSs and the GW170817 stars occupy.
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Figure 2: Universality relations for general relativity are presented in the top row, followed by those for
Brane-world models with λb = 10
37 erg/cm3 (middle) and λb = 10
36.5 erg/cm3 (bottom).
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2M is expected to be in the range 9 km to 14 km [45] (the pink vertical strip). It is evident from Fig. 1
that all of the EoSs selected here (to cover the aforementioned radius range and respect the minimum
mass requirement) in general relativity (solid lines, and with λb → ∞) satisfy these constraints, while if
λb ≤ 1036.5 erg/cm3 (dashed lines) all of those EoSs have much larger radii. This effect of λb suggests that
M −R posteriors from observations of NSs can constrain its value. However, what are measured with GW
observations of binary NSs directly are the masses and the tidal deformability parameter Λ. Therefore, to
utilize the above idea, we will need to study the effect of λb on Λ as well.
4 I-Love-Q with extra dimensions
As solutions of the Tolman-Oppenheimer-Volkoff (TOV) equation, NSs, have been found to exhibit certain
correlations between their Moment of Inertia I, Love number k2, and their quadrupole moment Q, irre-
spective of the EoS employed. This is the well known I-Love-Q relation, which sometimes is also referred to
as the universality relation of the first kind [40,46–48]. (Note that Λ = (2/3)k2C
−5, where C = GM/c2R
is a measure of the NS compactness.) The effect of a finite λb on such relations is presented in Fig. 2, which
shows that they hold true for a few different values of λb. More importantly, the universality relation for
all choices of λb, including λb ∼ 1036.5 erg/cm3, differs from the universality relation for general relativity.
Thus, even in the presence of extra dimensions, the I-Love-Q relation remains universal but differs in its
parametrization from the one in general relativity. We find the general form of the universality relation
between C and Λ to be:
C = Λα + C0 , (3)
where α and C0 are constants varying with the brane tension λb.
This scenario, apart from highlighting yet another observational avenue to understand extra dimensions,
also sheds some light on the origin of the universality relations themselves. As argued in [40, 46, 47], such
universality relation possibly originates from the fact that all the EoSs behave in an identical manner in
the outer layers of the star, where most of the contribution to Q and tidal deformability arises, or is a
result of a black hole being the limiting configuration of a NS and, therefore, may be related to the no-hair
theorem. We note that if the second scenario is true then the universal behaviour must hold even for
non-zero λb. Intriguingly, as evident from Fig. 2 that is exactly what happens in the presence of extra
dimensions, namely that the universality relation holds good at λb = 10
36.5 erg/cm3 but differs from
general relativity.
5 Implications of GW170817
To constrain λb, we use its effect on (a) mass-radius curves of NSs and (b) the GW170817 posteriors
in the M − R plane. In Fig. 3a, all solid EoS lines denote their respective mass-radius curves for NSs
in GR (i.e., λb → ∞). The 90% credible level (C.L.) posteriors for the primary (blue) and secondary
(green) components of GW170817 are shown bounded by solid lines in each plot. (The 50% C.L. regions
are delineated with dashed lines.) The posteriors shown here are obtained from Ref. [49], which are also
shown in Ref. [50] as those for the parameterized EoS where a lower limit on the maximum mass of 1.97M
is imposed. Note that the GR universality relations can be used to deduce Λ(M,R) of a star at any (M,R)
point in this figure.
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Figure 3: In plot (a) above, all solid EoS lines denote their respective mass-radius curves for NSs in GR
(i.e., λb →∞). The dotted lines in plots (b) and (c) show them when λb decreases to the values labelled
on those figures; the solid curves are retained for reference. The 90% C.L. posteriors for the primary (blue)
and secondary (green) components of GW170817 are shown bounded by solid lines in each figure. (The
50% C.L. regions are delineated with dashed lines.) Both the GW170817 posterior as well as the M − R
curves of the various EoSs shift to the right as λb decreases. However, the latter shift more than the
posterior, which allows us to constrain λb to be greater than 10
36.5g cm−3 since even the softest EoS in
this set, AP1, crosses well beyond the M −R region that is allowed by the posterior for that value of λb.
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Indeed, this (M,R) posterior was constructed from the posterior first obtained in the (M,Λ) space,
p(M,Λ), since the latter pair of parameters are directly measured from the phasing of the GW signal. For
this construction, the radius of the star is deduced from (M,Λ) by using the GR universality relation.
Thus, the posterior in the M − R plane is just p(M,Λ(M,R)). To obtain the corresponding posteriors
for a finite λb, we ask what the radius will be of the same (M,Λ) star in the corresponding Brane-world
model. This gives a somewhat larger value for the radius relative to that in GR. This is why the posterior
region shifts to the right in Fig. 3b and Fig. 3c as λb decreases.
The dotted lines in Fig. 3b and Fig. 3c show the M−R curves for the same EoSs when λb assumes the
values labelled on those figures; the solid (GR) curves are retained in these figures for reference. Both the
GW170817 posteriors as well as the M −R curves of the various EoSs shift to the right in the mass-radius
diagram as λb decreases. However, the latter shift by a greater amount than the posteriors, which allows us
to constrain λb to be greater than 10
36.5g cm−3. This is because even the softest EoS in this set, namely,
AP1, crosses well beyond the M −R region that is allowed by the posteriors for that value of λb.
Since both λb and NS matter EoS parameters influence the GW observables M and Λ, it is tricky to
measure λb unless one knows the EoS in advance. For example, in GR both WFF1 and APR4 remain
viable in light of GW170817 measurements. AP1 in GR is (barely) ruled out by GW170817 since it misses
the GW170817 posteriors by being a little too “soft”. WFF1 remains barely viable in a Brane-world
model with λb = 10
36.6g cm−3: see Fig. 3b where the dotted yellow curve has a region of overlap with the
posteriors. However, APR4 (dotted blue curve in Fig. 3b) has no section overlapping with the posteriors
and, hence, is no longer viable in the same Brane-world model. Thus, if it were known independently,
e.g., from nuclear physics experiments, that APR4 is the true EoS of NSs, then it must be the case that
λb > 10
36.6g cm−3.
Since we do not know the true EoS, one way to constrain λb is to use the EoS that gives the smallest
radius stars in GR allowed by the GW170817 posteriors. Since there are regions of the posteriors in GR that
allow for smaller stars than WFF1, we instead use AP1, which bounds their radii from below and therefore,
should lead to a more conservative lower bound on λb. As shown in Fig. 3b , for λb = 10
36.6g cm−3 both
WFF1 and AP1 move to larger radii and are at the edge of the GW170817 posteriors. Therefore, even
a slightly smaller value of λb will make both WFF1 and AP1 stars, and stars of all other EoSs shown
there, disfavored by the GW170817 posteriors. Thence, we conservatively claim that λb > 10
36.5g cm−3;
see Fig. 3c.
6 Concluding Remarks
In this paper we show how GW170817 posteriors effectively rule out λb ≤ 1036.5erg cm−3, which cor-
roborates the local bounds obtained from experiments on gravitational interaction at sub-millimetre
scales [41, 42]. With more binary NS merger observations [51, 52], and complementary information har-
nessed from their electromagnetic counterparts (such as tighter lower limit on Λ) [53, 54], the bound on
brane tension can be tightened further.
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